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Abstract Gas-phase acidities of nucleosides, combined with the knowledge of deprotonation sites, could
improve our understanding of chemical reactions to biological systems. In this paper, we mainly focus
our attention on the influence of cation coordination on acidities of multiple sites in cytosine nucleosides.
The acidities of multiple sites in M+-L (where L represents cytosine nucleosides and M+ is an alkali metal
ion, including Li+, Na+ and K+) complexes have been investigated theoretically, employing B3LYP/6 −
311++G (d, p) basis sets. The geometrical characters, gas-phase acidities, sugar puckering and electronic
properties of non-deprotonated and/or deprotonated complexes have been investigated. The shifted
1Hacidity values are a consequence of a combination of metal ion coordination to OH and NH groups and
efficient stabilization of the deprotonated species. For instance, after complexation with Li+, Na+, and
K+, the1Hacidity of O2′H of the cytidine molecule shifts from 346.2 to 251.6, 258.0, and 275.7 kcal mol−1,
respectively. Moreover, for a given coordination site, the metal ion changes the gap between the most
and least acidic groups, with respect to that in neutral nucleosides. Such dependence of acidities on
the coordination region of the metal ion suggests that acidities of active groups could be controlled by
modulating the metal ion coordination site and the type of metal ion.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license. 1. Introduction
Nucleosides (adenosine, guanosine, thymidine, cytidine and
uridine) are composed of a nucleobase attached to a ribose or
a deoxyribose. Nucleosides are important precursors for nu-
cleotide synthesis and also serve a variety of specialized func-
tions [1–5]. Nucleoside analogues are cytotoxic and have found
expanding therapeutic use as antineoplastic agents, such as cy-
tarabin and gemcitabine, which possess the skeletal chemical
structure of cytidine [1,6]. Nucleobase moieties of DNA and
RNA are directly involved in the formation and stability of the
well-known double helix structure, due to strong hydrogen
bounds [7]. Acid–base properties of nucleobases and their nu-
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basic importance in the biological process. All these reactions
involve proton or cation transfers, the understanding of which,
at the molecular level, passes through the knowledge of the
precise site of deprotonation, changes of conformation upon
deprotonation, and its thermochemistry. In contrast, intrinsic
structural and thermochemical information (without solvent)
on deprotonated nucleosides is scarce.
Biological media, from intracellular environments to the in-
terior of proteins, are seldom aqueous in nature. It has been
shown that the interior of proteins is often nonpolar, causing
shifts in acidity and basicity and changes in reactivity as com-
pared to behavior in aqueous solutions [8–10]. An earlier sug-
gestionwasmade that when nucleosides enter the active site of
enzymes, water is displaced [11,12]. For example, in a replica-
tive polymerase active site, DNA is in a dehydrated A form [13].
The gas phase is the ‘‘ultimate’’ nonpolar environment and,
therefore, allows one to establish intrinsic reactivity in the ab-
sence of solvent, and extrapolate the effects of media [8,14–16].
On the other hand, various parameters, such as metal
cationization and hydrogen bonding, can affect the acidity of
polar protons of organic and biological molecules [17]. Metal
evier B.V. Open access under CC BY license. 
536 Z. Aliakbar Tehrani et al. / Scientia Iranica, Transactions C: Chemistry and Chemical Engineering 19 (2012) 535–545Scheme 1: Chemical structures of cytosine nucleobase and its nucleosides.ions can activate a chemical bond and make it more amenable
to reaction. For example,metalation of DNAnucleobases cannot
only change the probability of formation of rare (minor)
tautomers of bases [18–20] and modify the hydrogen bonding
and stacking that stabilizes the double helix [21], but also
could influence the ability of nucleobases to be deprotonated
or protonated [22–24]. Consequently, such modifications of
nucleobases could propagate into the formation of mis-
pairs [23,25–28]. On the other hand, all natural ribozymes
require metal ions for efficient activity. Metal ions have at
least two distinct functions: they stabilize the structure of
ribozymes and they can be directly required for catalysis
[29,30]. Another use of metal ions in enzymes is to provide the
structural stability of the active site and the correct geometric
orientation of the substrate within it. For example, according
to the acidities of the peptide nitrogen proton (pKa = 17) and
the imidazole nitrogen proton (pKa = 14), it seems counter-
intuitive to deprotonate the peptide nitrogen atom and
protonate the imidazolate when they interact with Zn2+, which
has a profound effect on lowering the pKa values of zinc
ligands [31]. It is perhaps that Zn2+ would lower the pKa value
of the peptide nitrogen proton much more than that of the
nitrogen proton of imidazole.
Moreover, it is well known that Lewis acids play an
important role as catalysis, and include the alkali-metal cations
and divalent ions, such as Mg2+, Ca2+, Zn2+ and so on [32]. The
catalytic activity of metal ions originates from the formation
of a donor–acceptor complex between the cation and the
reactant, which must act as a Lewis base [33]. However, to our
best knowledge, a survey of the literature shows few reports
concerning the effects of metal cations (as Lewis acids) on
the acidity of organic compounds and biomolecules in the gas
phase. Furthermore, we have reported [34] the effect of metal
cations (i.e., Li+,Na+, and K+) as Lewis acids on the acidity
of weak organic acids, such as acetic acid (aliphatic), benzoic
acid (aromatic), and glycine (amino acid) in the gas phase,
using the DFT and Moller–Plesset Perturbation Theory (MP2)
calculations. The results of this study indicate that, upon metal
complexation, the gas-phase acidity of the studiedweakorganic
acid drastically increases to the extent that it converts theweak
acids of interest to a super acid.
The topic of ‘‘shifted 1Hacidity values’’ has lately attracted
considerable attention in the context of general acid–base
catalysis involving nucleic acids, amino acids and bioorganic
molecules. It can rationalize the existence of nucleobases of
differing protonation states at the physiological pH. These
examples include the protonated cytidine residue in CH +
GC triple helices [35], the ‘‘i-motif’’ of hemiprotonated C [36],
pairs involving protonated bases in DNA duplexes [37] and
RNA ribozymes [38], or acting as an acid–base catalyst inthe self-splicing hepatitis delta virus ribozyme [39]. Moreover,
a few theoretical works have been performed to investigate
the influence of metal cation coordination on proton transfer
processes of DNA nucleobase and Watson and Crick base
pairs [40–43]. Bu and Sun demonstrated that the proton-
transfer process between N1 of the guanine and N3 of the
cytosine can occur in the GC cation and the Li–GC cation.
Furthermore, they investigate the gas phase acidity of multiple
sites of Cu+-Adenine, Cu2+-Adenine Cu+-Guanine and Cu2+-
Guanine Complexes [44,45].
In the present density functional theory study (presented
at the 239th ACS national meeting, Division of Inorganic
Chemistry, Bioinorganic Chemistry DNA & RNA (spring 2010))
we have considered the gas phase acidity of isolated cytosine
nucleosides (i.e., deoxycytidine and cytidine nucloesides). To
our best knowledge, no theoretical calculations have been
carried out on the deprotonation of cytosine nucleodsides.
Scheme1displays the atomnumbering and chemical structures
of cytosine nucleobase and its nucleosides. Each of these
molecules has been defined by beta junction of the DNA bases
or the RNA bases to a sugar, i.e., 2′-deoxyribose and ribose,
respectively. We mainly focus our attention on the influence of
Li+,Na+ and K+ (as Lewis acids) coordination on the acidities
of multiple sites (NH and OH groups) in cytosine nucleosides,
and clarify how metal–ion and hydrogen bonding interactions
dramatically increase the acidity of the substrate. Furthermore,
the furanose conformation and N-glycosidic bond changes,
due to deprotonation, will be considered. The geometrical
characters, gas-phase acidities and electronic properties of free
non-deprotonated and/or deprotonated complexes have been
investigated.
2. Theoretical details
An initial search of minima on the potential energy surface
of free deprotonated cytidine and deoxycytidine and/or depro-
tonated complexes at the relative energy range of 10 kcal/mol
were carried out using theMMFF force field in the Spartan soft-
ware [46]. The most stable conformers were optimized by the
DFT method using Becke3 (B3) exchange [47] and Lee, Yang,
and Parr (LYP) correlation [48] potentials, in connection with
the 6-311++G (d, p) basis set. This basis set has been shown to
yield reliable geometries for a wide variety of systems contain-
ing cations of interest [49–51]. Energy minimizations, followed
by harmonic vibrational calculations, were performed at this
level of theory. The absence of imaginary frequencies proved
that energy-minimized structures correspond well to the local
minima of the energy landscape. No degrees of freedom (bond
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the course of the geometry optimization of given systems.
For the deprotonation process, HB → H+ + B−, where
HB and B− represent free cytosine nucleosides and their
deprotonated forms, the enthalpy changes can be calculated as
(Eqs. (1) and (2)):
1H298 = 1E298 +∆(PV ) = 1E298 +1ngRT , (1)
1H298 = E(B−)298 − E(H+)298 − E(HB)298(5/2)RT , (2)
where E298 represents the calculated energy including thermal
vibrational corrections, andHAandA− represent selected acidic
sites and its conjugated base, respectively. The (5/2) RT term
includes the translation energy of the proton and the ∆ (PV)
term.
Natural Bond Order (NBO) charge analysis was carried out
using the B3LYP functional and the 6-311++G (d, p) basis set. In
this context, a study of hyper-conjugative interactions has been
completed. Hyper-conjugation may be given as a stabilizing
effect that arises from an overlap between an occupied orbital
with another neighboring electron deficient orbital, when these
orbitals are properly oriented. This non-covalent bonding–anti-
bonding interaction can be quantitatively described in terms of
the NBO approach, which is expressed by means of the second-
order perturbation interaction energy (E(2)—Eq. (3)) [52–55].
This energy represents an estimate of the off-diagonal NBO
Fock matrix elements. It can be deduced from the second-order
perturbation approach [55]:
E(2) = 1Eij = qi F(i, j)
2
εj − εi (3)
where, qi is the donor orbital occupancy, εi and εj are diagonal
elements (orbital energies) and F(i, j) is the off-diagonal NBO
Fock matrix element.
3. Results and discussion
3.1. Conformational analysis of free nucleosides
In order to calculate the acidity of cytosine nucleosides and
their complexes with the cations of interest, it is obviously
necessary to identify the most stable conformations of its
neutral and deprotonated forms. Conformational analysis of
cytosine nucleosides may be separated into several, not
completely independent, problems:
(i) The search for the most stable conformers of the flexible
furanose ring.
(ii) The dramatic influence of the mutual orientation of the
cytosine moiety and the furanose part.
(iii) Consideration of the C4′–C5′ rotamers in the furanose ring.
(iv) The role of the various possible internal hydrogen bonds.
This conformational change has been already described in
terms of pseudo-rotation by defining a phase angle P as a
general variable, including the various dihedral angles [56].
With respect to the sugar ring, the geometrical parameters
that undergo some changes are the ν0, ν1, ν2, ν3, and ν4
angles, which correspond to endocyclic torsion angles about
O4′–C1′(ν1), C1′–C2′(ν2), C2′–C3′(ν3), and so on, in a clockwise
manner. The concept of pseudo-rotation, P , as described in [57],
has beenused to establish the conformation in our systems. This
value is calculated using Eq. (4). (Note that in cases where ν2 is
negative, one should add 180° to the calculated value of P .)
tan(P) = (ν4 + ν1)− (ν3 + ν0)
2ν2(sin(36)+ sin(72)) . (4)Figure 1: The optimized structures of the most stable conformers of
cytidine and deoxycytidine calculated at B3LYP/6-311++G (d, p). Distances are
reported in angstroms.
Scheme 2: Definition of three possible rotamers about C4′–C5′ bond.
The conformational space, by rotating both cytosine and
ribose or deoxyribose, subsystems around the C(1′)–N(1) bond,
was investigated. The glycosyl torsion angle, χ , defined as
χ = O4′–C1′–N1–C2 in pyrimidine nucleosides and as χ =
O4′–C1′–N9–C4 in purine nucleosides, allows orientation of
the base, with respect to the sugar, to be determined. The
conformational behaviors of these molecules are denoted in
accord with orientation of the base and the conformation of
the furanose ring. For example, the anti/C3′-endo conformer is
the one where the base has anti orientation, with respect to the
furanose ring, and the conformation of the sugar belongs to the
C3′-endo region.
Rotation around the C4′–C5′ bond leads to three possi-
ble conformers: ‘‘gauche-trans’’ (gt), ‘‘trans-gauche’’ (tg) and
‘‘gauche–gauche’’ (gg) (Scheme 2). As for the intramolecular hy-
drogen bonds involving the 2′ and 3′ hydroxyl groups, their ori-
entations depend upon the character of the ribose part and on
the nature of the possible interaction of O2′Hwith the cytosine
heterocycle.
The conformation search for cytidine and deoxycytidine
nucleosides in the range of 10 kcal/mol, with the MMFF
force field 11 conformers resulted for each nucleoside. These
structures were further optimized using DFT method with
B3LYP/6-311++G (d, p) basis set. The optimized structures of
the most stable conformer of cytidine and deoxycytidine are
given in Figure 1. These structures consist of three (1.771,
2.050, 2.400 Å for cytidine) and two (1.834, 2.782 Å for
deoxycytidine) intramolecular hydrogen bonds. The furanose
ring conformation of free cytosine nucleosides are related to
C2′-endo or other conformation types.
3.2. Deprotonation sites and deprotonation enthalpies of cytosine
nucleosides
To better evolve the deprotonation process of metal-
nucleoside complexes and the lack of experimentally struc-
tural information in this area, the relevant geometries and
stabilities of the deprotonated structures of cytosine nucleo-
sides are depicted first. In order to differentiate the stability
of anions formed during deprotonation of nucleosides, a
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deprotonated cytidine calculated at B3LYP/6-311++G (d, p)with bond lengths
in angstroms.
number of atomic site are arbitrarily chosen for generat-
ing anions. Two types of nucleosides anion may be formed
by deprotonation: the oxygen sugar-based and nitrogen
centered-based anions. The heteroatom deprotonated sites of
N4Ha,N4Hb,O2′H,O3′H,O4′H and O5′H groups on cytosine
nucleosides are simplified as a4Ha, a4Hb, a2′, a3′, a4′ and a5′,
respectively. To here, N4a or N4bmeans the loss of the proton
Ha or Hb attached to the amino N4 atom. For example, a4Hb
indicates that deprotonation of cytosine nucleosides occurred
through the N4Hb atom. In complexes of anions of cytosine
nucleosides with cations of interest, these initial notations are
added to denote the loss of a proton from the corresponding site
of cytosine nucleosides. For example, a2′–Li+ indicates that de-
protonation occurred through theO2′ atom in the complexes of
cytidinemolecule with lithium. The optimized structures of the
most stable conformers of these anions are depicted in Figures 2
and 3, respectively, which highlights themost interesting struc-
tural features. For an easier characterization, the relevant opti-
mized parameters computed at B3LYP/6-311++G (d, p) level are
collected in Table 1.
Geometrical changes on cytosine nucleosides due to depro-
tonation are different for each fragment (i.e., the rings of cy-
tosine and the ribose and deoxyribose sugar moiety). In the
former, variations basically occur on bond distances, whereas,
in the latter, the endocyclic torsion angles are the main modi-
fied parameters. The values of bond lengths and angles within
the furanose ring strongly depend on ring conformation. How-
ever, this change is less obvious in the deoxycytidine molecule.
Furthermore, the nonplanar character of the N4 amino group
increases significantly in the anions of cytidine and deoxycyti-
dine nucleosides. However, the pyramidization of the N4 atom
ismuchmore profound in cytidine anions than in deoxycytidine
anions.
As seen in Figure 2, the N4 base-anions (i.e., anions re-
sulted from deprotonation of N4Ha and N4Hb protons, respec-
tively) are qualitatively similar in their structures. The bond
length variations in a4Ha (compared to the most stable free cy-
tosinemolecules) display typical characteristics of a conjugated
system: significant bond length decreases have been observedTable 1: Relevant geometrical parameters optimized at B3LYP/6-311++G
(d, p) level for free and deprotonated conformers of cytosine nucleosides.
System Notation P χ C4′–C5′
bond
Conformation
Cytidine – 149.1 −171.6 gt anti/C2′-endo
Cytidine-N4Ha a4Ha 117.1 −170.6 gt anti/C1′-exo
Cytidine-N4Hb a4Hb 152.1 −168.2 gt anti/C2′-endo
Cytidine-O2′H a2′ 37.3 −113.1 tg anti/C4′ -exo
Cytidine-O3′H a3′ 51.1 −122.8 tg anti/C4′ -exo
Cytidine-O5′H a5′ 195.7 −153.7 gg anti/C3′-exo
Deoxycytidine – 162.8 63.3 gg syn/C2′-endo
Deoxycytidine-
N4Ha
a′4Ha 171.3 67.1 gg syn/C2′-endo
Deoxycytidine-
N4Hb
a′4Hb 158.3 61.5 gg syn/C2′-endo
Deoxycytidine-
O3′H
a′3′ 33.6 −146.5 tg anti/C3′-endo
Deoxycytidine-
O5′H
a′5′ 195.3 −124.1 gg anti/C3′-exo
Figure 3: Optimized structures of the most stable conformers of deprotonated
deoxycytidine calculated at B3LYP/6-311++G (d, p). Bond distances are in
angstroms.
for C4–N4 (−0.05 Å), N3–C2 (−0.04 Å), and C6–C5 (−0.02 Å),
while crucial bond length increases are predicted for C4–N3
(0.07 Å), C2–N1 (0.02 Å), N1–C6 (0.03 Å), and C=O(0.03Å). Sim-
ilar structural changes may be seen for a4Hb. The geometrical
features of these two anions suggest that the unpaired electron
in the N4H anion is delocalized on the cytosine base. Note that
the glycosidic bonddistance C1′–N1decreases in theseN4 base-
anions (by about 0.03 Å).
The most stable conformers of anions generated at the O2′
and O3′ atoms of the sugar moiety of the cytidine molecule
do not show large deviations from each other (Figure 2). In
the optimized, most stable deprotonated a3′, two strong and
short intramolecular hydrogen bonds are formed involving the
H atoms of the two O2′H and O5′H groups and the nearby
O atom of the O3′ group; these O2′H . . .O3′ and O5′H . . .O3′
interatomic distances being 1.802 Å and 1.863, respectively.
‘‘Trans-gauche’’ orientation about the C4′–C5′ bond allows
stabilization interaction between the O5′H hydroxyl group and
the O3′ atom of the sugar moiety. As expected, deprotonated
a3′ conformers exhibit strong hydrogen bonds between the
hydrogen of either the 5′ or the 2′ hydroxyl groups and the
anionic center, due to the location of the negative center on
the latter. Accordingly, the proton accepting ability of O3′
is reinforced. Consequently, as regards the a2′ structure, the
two-type interaction described in a3′ (i.e., O3′H . . .O2′ and
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in a2′, although that involving the O5′H is clearly weaker in a2′,
as indicated by the O. . .H distance (0.32 Å longer).
The a5′ structure has an orientation of the sugar ring
which enables the formation of two hydrogen bonds with the
cytosine moiety (see Figure 2): one involving the carbonyl
group and O2′H (2.051 Å) and a particular intermolecular
hydrogen bond, i.e. C6H6 . . .O5′ (1.826 Å) exists between base
and sugar units. In fact, to make possible the formation of
the intramolecular CH. . .O hydrogen bond, the cytosine base
should turn around the glycosyl linkage. It should bementioned
that two particular types of particular intermolecular H-bond,
i.e. C6–H6 . . .O5′ and C8–H8 . . .O5′ in pyrimidine and purine
nucleosides, respectively, have been experimentally confirmed
in nucleosides [58] and nucleic acid chains [59–61]. It is obvious
that the CH. . .O interaction is weaker than the other H-bonds,
arising, for instance, from OH. . .O-type interactions.
The optimized structures and intramolecular hydrogen
bonding of deprotonated forms of deoxycytidine are presented
in Figure 3. The N4 base-anions of deoxycytidine, i.e. a′4Ha and
a′4Hb (Figure 3), are qualitatively similar in their structures.
These structures are probably only marginally stabilized by
C=O . . .O5′H hydrogen bonds (d = 1.710 Å for a′4Ha and d =
1.703 Å for a′4Hb). Accordingly, with respect to their neutral
counterparts, a′4Ha and a′4Hb structures show contracted
hydrogen bond distances (the differences being less than
0.0.13 Å). Due to the delocalization of excess negative charge
generated during the deprotonation of the N4-amino group,
the pyramidal structure of N4 about the isolated deoxycytidine
(Figure 1) takes a planar form in both a′4Ha and a′4Hb anions.
Comparison of bond length values within the cytosine moiety
of a′4Ha and a′4Hb anions with those of free deoxycytodine
demonstrates significant dissidences during deprotonation. The
location of the excess electron on the N4 atom is expected to
increase the negative charge density near N4, C4 and C5 atoms
in a′4Ha and a′4Hb anions. Consequently, the bond becomes
shorter and a double bond character is produced. This behavior
can be interpreted bymeans of resonant phenomena. As a result
of this shortening, the contiguous bonds (C4–N4 and C4–C5)
become longer (∆d C4–C5 = 0.03 Å and ∆d C4–N3 = 0.07 Å) and
C4–N4 and C2–N3 becomes shorter (∆d C4–N4 = −0.07 Å and
∆d C2–N3 = −0.04 Å).
The C3′ based ribose anion of deoxycytidine, a′3′, has a
strong and very short O5′H . . .O3′ hydrogen bonding (1.719 Å).
To form this structure, the intramolecular hydrogen bonding
in the most stable form of deoxycytidine should be broken,
and a rearrangement of functional groups is needed (the
C=O . . .O5′H hydrogen bond rearranges to O5′H . . .O3′).
However, the O5′H . . .O3′ hydrogen bond is impossible in DNA,
where the O3′ atom is involved in phosphodiester linkage
with a neighboring nucleotide. The a′5′ anion of deoxycytidine
shows large geometry deviations compared with free 2′-
deoxycytidine. This can be easily explained looking at the
geometry of anion a′5′ in which the anion center, O5′, interacts
with the polarized hydrogen of the C6H group by hydrogen
bonding. In anion a′5′, the distance, C6H . . .O5′ is shorter than
for the a5′ anion (1.763 Å vs. 1.826 Å). To favor this particular
hydrogen bond in the C3′-exo/anti conformer, the base should
turn around the glycosyl linkage. This intramolecular hydrogen
bond can then be considered as a driving force, tending to
shift the χ angle toward a higher value in the C3′-exo/anti
conformer.
The different puckering of sugar is often found in nucleic
acids. Here, the changes in the puckering of sugar after anionformation in nucleosides cannot be completely neglected. The
change in the puckering of sugar can also be explained by
the stability of C2′-endo (S type) in B DNA, whereas the
change in conformation to C3′-endo (N type) might result
in destabilization of B DNA and consequently may change
to A DNA form. The results of calculation reveal that these
molecules are very flexible, particularly their sugar part, and
conformation of the furanose ring in the complexes under study
is inhomogeneous (cf. Table 1 for more details). The range of
variation in the endocyclic bond angles within the furanose
ring depends on orientation of the cytosine base unit. The
formation of O5′H . . . C=O and O2′H . . . C=O intramolecular
hydrogen bonds between the base unit and the sugar unit
(see Figures 2 and 3) considerably influences the molecular
structure of the nucleosides. The presence of the intramolecular
hydrogen bond in the syn-conformers of the nucleosides results
in somepeculiarities in the angle distribution of the bond angles
within the sugar unit.
Table 1 displays a bimodal distribution for theχ range in free
cytosine nucleosides and their deprotonated systems: seven
systems posses an anti-oriented (−171.6° ≤ χ ≤ −113.1)
base, and the rest of them a syn-oriented (63.3° ≤ χ ≤ 67.1°)
base. It should be also noted that the difference between the
values of χ for the free deoxycytidine and its deprotonated
forms is considerably larger compared to that observed in
cytidine (see Table 1 for more details).
Calculation revealed that the most stable deprotonated
forms of deoxycytidine molecule are anti-C3′-endo, syn-C2′-
endo, and anti-C3′-exo conformations. The anti-C3′-endo is the
most common conformer encountered in left handed nucleic
acid helices. The syn-C2′-endo conformer can be encountered in
purine nucleosides involved in the left-handed (z form) helices
of RNA [62], DNA [63] or in UNCG tetraloops of 16S RNA [64],
and the anti-C3′-exo conformer is less common. In the case
of cytidine, as can be seen from Table 1, the main variations
in endocyclic torsion angles are those corresponding to a5′
and a2′ structures. Furthermore, the pseudorotation values
for deprotonted forms of cytidine, with C1′-exo and C3′-endo
conformations (i.e., a4Ha, a4Hb, and a5′ structures), are higher
than those for a2′ and a3′ structures, in C4′-exo sugar puckering
mode.
Acidities in the gas-phase provide also the data with which
one can compare calculations based on the high-levelmolecular
orbital theory, and thus test the origins of structural effects
on the acidity. The large endothermic value for the 1H of
proton dissociation in the gas phase shows both the inherent
instability of the conjugate base and, also, the electrostatic
attraction between the oppositely charged conjugate base and
proton. Naturally, the more (less) acidic positions of the GA
are those that generate the most (least) stable anionic species,
and therefore, an increase in (absolute) magnitude represents a
decrease in acidity. Gas-phase acidities vary over a wide range,
for instance, from 420 to 350 kcal mol−1 for hydrocarbons, and
from 340 to 309 kcal mol−1 for carboxylic acids. To evaluate
the energy needed to produce cytosine nucleosides anions,
values of the electronic energy (hartrees), Zero-point correction
to energy (ZPE—in a.u), thermal correction to energy (TC—in
a.u), corresponding gas-phase acidities (1Hacidity and 1Gacidity
in kcal/mol), system notations, and dipole moments (µ in
Debye) at 298 K for all considered species are summarized
in Table 2. These calculated acidities are in the range of
ca. 338.5–351.5 kcal mol−1. For cytidine and deoxycytidine
molecules, we considered all OH groups to be sufficiently acidic,
due to the presence of various hydrogen bonds.
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kcal/mol),1Gacidity (in kcal/mol), system notation, and dipole moments (µ in Debye) at 298 K for various anions of cytosine nucleosides calculated at B3LYP/6-
311++G (d, p) level of theory.
Deprotonated site System notation E ZPE TC 1Hacidity 1Gacidity µ
Cytidine–N4Ha a4Ha −890.87394 0.224077 0.239042 341.3 332.4 9.52
Cytidine–N4Hb a4Hb −890.878402 0.224105 0.239062 338.5 330.5 10.31
Cytidine–O2′H a2′ −890.864843 0.222572 0.237719 346.2 338.4 11.19
Cytidine–O3′H a3′ −890.871156 0.223449 0.23836 342.6 335.1 11.62
Cytidine–O5′H a5′ −890.858887 0.222853 0.237605 348.6 343.7 6.01
Deoxycytidine–N4Ha a′4Ha −815.176380 0.209499 0.210607 345.5 338.6 10.50
Deoxycytidine–N4Hb a′4Hb −815.626880 0.219577 0.233599 341.5 334.3 11.31
Deoxycytidine–O3′H a′3′ −815.613854 0.217929 0.231895 348.6 341.1 12.34
Deoxycytidine–O5′H a′5′ −815.608898 0.217194 0.231408 351.5 344.2 2.68It can be seen from Table 2, that the two (amino) protons
at the N4 site of cytidine (referred to as H4a and H4b) have
calculated acidities of 341.3 and 338.5 kcal mol−1, while the
sugar-based protons are less acidic, with a calculated acidity
range of 342.6–348.6 kcal mol−1. As a matter of fact, this is
a surprising result, because it shows that hydrogen bonding
can make the acidity of an alcohol as strong as an organic
acid. For instance, the acidities of 2-propanol and acetic acid
are 375.1 and 343.2 kcal mol−1 in the gas phase, respectively
[65,66]. The predicted acidity indicates that the N4–H4b is the
most favored deprotonation site, and the O′5H of the sugar
part is the least acidic site on cytidine, with a 1Hacidity of
348.6 kcal mol−1. In the case of deoxycytidine, the N4H4b
site is the most acidic site of deoxycytidine with a gas-phase
acidity of 345.5 kcal mol−1 followed by N4H4b and O3′ protons.
In deoxycytidine, like cytidine, the O′5H is the least acidic
site (1Hacidity = 351.5 kcal mol−1). Consequently, the anions
generated at the nitrogen atom and the sugar-based protons
have the following acidity sequence: a4Hb > a4Ha > a3′ >
a2′ > a5′ for cytidine and a′4Hb > a′4Ha > a′3′ > a′5′ for
deoxycytidine.
3.3. Metal-binding effects on the optimized geometries and
deprotonation enthalpies of cytosine nucleosides
The intramolecular hydrogen bonding distances (Å), and
the most significant geometrical parameters of the M+–L
complexes (where L represents the cytidine or deoxycytidne
and M+ is the particular metal ion such as Li+,Na+, and
K+) obtained at B3LYP/6-311++G (d, p) level, are depicted in
Figures 4 and 5. Values of the electronic energy (hartrees), gas-
phase acidities (1Hacidity and 1Gacidity in kcal mol−1) 298 K,
11Hacidity (in kcal mol−1), system notations, and the relevant
optimized parameters for these systems are summarized in Ta-
bles 3–6. As shown in Figures 4 and 5, each metal-cytidine
and metal-deoxycytidine gives four and three conformers
for each metal cation during deprotonation, respectively,
i.e., aN4b, a2a, a3a, a5a and a′N4b, a′3′a, a′5′a. Among them,
a4Ha–Li+, a4Ha–Na+, a4Ha–K+, a′4Ha–Li+, a′4Ha–Na+, and
a′4Ha–K+ are planar geometries in the base unit inwhichmetal
cation interacts with N3 and N4 atoms of cytosine nucleosides,
respectively (see Figures 4 and 5 for more details). It is worth
nothing that the removal of Ha and Hb fromN4 in deprotonated
complexes is converged to the same conformer during the ge-
ometry optimization.
An overall examination of the torsion angles (as mentioned
above) defining the conformational space of cytosine nucleo-
sides in deprotonated complexes with metal cations leads us to
conclude the following:Table 3: Relevant geometrical parameters optimized at B3LYP/6-311++G
(d, p) level for various complexes of cytidine anionswith cations of interest.
Metal
cation
Deprotonated
site
P χ C4′–C5′
bond
Conformation
Li+
a4Ha 141.7 −175.5 gg anti/C1′-exo
a2′ 84.4 −163.7 gt anti/O4′-endo
a3′ 85.9 −175.1 gt anti/O4′-endo
a5′ 131.7 55.4 gg syn/C1′-exo
Na+
a4Ha 180.8 −175.4 gg anti/C3′-exo
a2′ 73.3 −158.2 gt anti/O4′-endo
a3′ 156.9 −171.8 gt anti/C2′-endo
a5′ 103.2 59.6 gg syn/O4′-endo
K+
a4Ha 137.8 −174.7 gg anti/C1′-exo
a2′ 77.1 −154.0 gt anti/O4′-endo
a3′ 132.1 −140.1 gt anti/C1′-exo
a5′ 102.6 62.9 gg syn/O4′-endo
(i) The glycosidic χ angle presents a bimodal distribution
(Figures 4 and 5), ranging in the following domains:
55.4° ≤ χsyn ≤ 65.1° (6 structures) and −127.1° ≤ χanti
≤ −175.5° (15 structures). Since anti conformers prevail in
number over syn ones, and cover awider range ofχ values,
they may be considered as less sterically restricted by
noncovalent interactions between the base and the sugar
residue.
(ii) In contrast, a trimodal distribution has been obtained for
rotamers about the C4′–C5′ bond (Tables 3 and 4), i.e.,
‘‘gauche-trans’’ (11 structures), ‘‘trans-gauche’’ (only one
structure) and ‘‘gauche–gauche’’ (9 structures).
(iii) The P angle covers a wider range of variation for depro-
tonated complexes of cytosine nucleosides with cations of
interest. Populations of this pseudorotation angle are the
following: the C1′-exo subfamily includes 9 structures, the
O4′-endo (8 structures), the C3′-exo includes one structure,
the C2′-endo (2 structures), and the C3′-endo includes one
structure (see Tables 3 and 4 for more details).
As shown in Figure 4, a4Ha–Li+/Na+/K+ is bidentate with
N3 and N4 of the amino group (rLi–N3 = 1.919 Å, rLi–N4 =
1.909 Å for a4Ha–Li+, rNa–N3 = 2.253 Å, rNa–N4 = 2.274 Å
for a4Ha–Na+ and rK–N3 = 2.583 Å, rK–N4 = 2.628 Å
for a4Ha–K+). All intermolecular hydrogen bond patterns in
these structures are close to each other. These structures are
stabilized by C=O . . .O2′H and O3′H . . .O2′ hydrogen bonds.
Similarly, a2′–Li+/Na+/K+ obtained by the loss of the proton
from the O2′ atom corresponds to a bidentate form in which
the cation interactswith carbonyl oxygen and theO2′ atom. The
metal–ligand interactions are significantlyweakenedwhere the
increments in bond length are occurred (for better comparison
see a2′–Li+, a2′–Na+, and a2′–K+ structures from Figure 4).
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(d, p) level for various complexes of deoxycytidine anions with cations of
interest.
Metal
cation
Deprotonated
site
P χ C4′–C5′
bond
Conformation
Li+
a4Ha 126.3 −130.1 gt anti/C1′-exo
a3′ 31.2 −158.4 tg anti/C3′-endo
a5′ 116.7 57.4 gg syn/C1′-exo
Na+
a4Ha 128.5 −128.6 gt anti/C1′-exo
a3′ 143.4 −158.3 gt anti/C1′-exo
a5′ 102.8 61.6 gg syn/O4′-endo
K+
a4Ha 122.2 −127.1 gt anti/C1′-exo
a3′ 145.3 −156.1 gt anti/C2′-endo
a5′ 91.2 65.1 gg syn/O4′-endo
In a3′–Li+/Na+, the cation interacts with the O3′ and O2′
oxygen atoms of sugar moiety, and C=O . . .O2′H intramolec-
ular hydrogen bond exists, with length 1.800 Å and 1.703 Å for
a3′–Li+ and a3′–Li+, respectively. This hydrogen bond becomes
longer upon the interaction of cytidinewith lithium and shorter
when sodium is involved. Moreover, geometry optimization re-
veals that O3′, which is negatively charged after deprotonation,
is more favorable for metal attaching than the other sites. In the
case of a3′–K+, as displayed in Figure 4, potassiumappears to be
a bidentate form in which cation interacts with carbonyl oxy-
gen and the O3′ atom instead of the bidentate form with the
O3′ and O2′ oxygen atoms, as shown in a3′–Li+ and a3′–Na+
structures (rK–O3′ = 2.584 Å, rK–carbonyl oxygen = 2.689 Å
for a3′–K+). Optimization leads to formation of an O2′H . . .O3′
hydrogen bond, with the length 1.816 Å between the O2′H hy-
droxyl group and O3′, which are on the two adjacent C2′ and
C3′ carbons. For a5′–Li+/Na+/K+, it is worth mentioning that
the metal cation moves toward the sugar part and behaves as
a tridentate η3(O,O,O) coordination mode, with the carbonyl
group of cytosine and O5′ and O4′ atoms of the sugar unit. All
metal-ligand bonds in the a5′–Li+ structure are significantly
strong, relative to those in a5′–Na+ and a5′–K+.
For complexes of deprotonated forms of deoxycytidine
with cations of interest, each metal cation generates three
structures as displayed in Figure 5. For a′4Ha–Li+/Na+/K+, all
deprotonated structures are characterized by a bidendate form
(with N3 and N4–rLi–N3 = 1.911 Å, rLi–N4 = 1.909 Å for
a′4Ha–Li+, rNa–N3 = 2.242 Å, rNa–N4 = 2.275 Å for a′4Ha
–Na+ and rK–N3 = 2.567 Å, rK–N4 = 2.630 Å for a′4Ha–K+).
Compared with Li–N3 and Li–N4 bonds in a′4Ha–Li+, these
bond distances are longer in a′4Ha–Na+ and a′4Ha–K. Thiswas to be expected considering that among the three cations
K+ is the one with a larger ionic radius. It is worth noting
that the order of the M–O distances, Li+,Na+ and K+, can be
approximately correlated to the ionic radii for the three charged
metals.
In complexes of a′3′ with lithium, metal cations generate bi-
coordinated complexeswithO5′ andO3′ atoms of the sugar part
of deoxycytidine. As seen from Figure 5, to form this structure, a
‘‘trans-gauche’’ (tg) arrangement about C4′–C5′ bond is needed.
Unlike bi-coordinated η2 (O3′, O5′) complexes of deprotonated
deoxycytidine with Li+, the most stable structure in the
case of Na+ and K+ corresponds to the structure in which
metal cations interact with carbonyl oxygen and O3′ atoms
of deoxycytidine, i.e., η2 (O2, O3′) coordination mode. In bi-
coordinated complexes of Na+ and K+, the distance between
cations and oxygen donor atoms is dramatically increased
from Na+ through K+, and the interaction distances in the
deoxycytidine–Na+ complex, on average, are longer ∼0.36 Å
than of those in the deoxycytidine–K+ complex. In complexes
of the a′5′ anion of deoxycytidinewith Li+,Na+ and K+ cations,
the metal cation is η3(O,O,O) coordinated by three oxygen
atoms, one from the carbonyl group and two belonging to
the ribose sugar unit. As shown in Figure 5, the decreases in
bond length clearly illustrate the enhanced strength of the
metal–ligand bond.
The gas-phase acidities for deprotonated cytosine nucle-
osides with cations of interest are summarized in Tables 5
and 6. Results of calculation demonstrate how drastically
the acidity strength of cytosine nucleosides increases upon
complexation with Li+,Na+ and K+. For instance, the B3LYP
results given in Tables 5 and 6 indicate that, upon complexa-
tion with Li+,Na+ and K+ at 298 K, respectively, (a) the acid-
ity of a4Ha in cytidine nucleoside has changed from 341.3 to
262.5, 262.2, and 267.5 kcal/mol; and (b) the acidity values of
a weak polar proton, such as a4Ha, may be enhanced by more
than 75 kcal/mol (i.e., it becomes less endothermic) when it
is complexed with Li+,Na+ or K+. The 11Hacidity parameter
(1Hacidity of metal–ligand complex−1Hacidity of free molecule)was used to
demonstrate the effect of themetal cation on the acidity of cyto-
sine nucleosides (see Tables 5 and 6). Furthermore, it is worth
mentioning that, upon complexation, the 1Gacidity of O–H and
N–H groups of cytosine nucleosides drastically increase to the
extent where it converts the weak acids of interest to a super
acid (see Tables 5 and 6). For instance, the 1Gacidity of H2SO4
(known as a super acid in the gas phase) is 299.0 kcal/mol [67].
However, the acidities of all O–H and N–H group weak acidsTable 5: Absolute energies (E in a.u), Zero-point correction to energy (ZPE—in a.u), thermal correction to energy (TC—in a.u), gas-phase acidities (1Hacidity in
kcal mol−1),1Gacidity (in kcal mol−1),11Hacidity (in kcal mol−1) at 298 K and system notation for various complexes of cytidine anions with cations of interest
calculated at B3LYP/6-311++G (d, p) level of theory.
Deprotonated site Metal cation E ZPE TC 1Hacidity 11Haciditya 1Gacidity
a4Ha
Li+
−898.413868 0.22814 0.24429 262.5 −78.8 254.6
a2′ −898.430620 0.227201 0.243718 251.6 −94.6 243.3
a3′ −898.414602 0.227282 0.243783 261.7 −80.9 253.6
a5′ −898.419296 0.226545 0.243158 258.4 −90.2 250.5
a4Ha
Na+
−1053.177664 0.226837 0.24355 262.2 −79.1 254.7
a2′ −1053.183324 0.225433 0.242568 258.0 −88.2 250.2
a3′ −1053.164497 0.225204 0.242449 269.8 −72.8 261.4
a5′ −1053.169207 0.2247 0.24205 266.6 −82 259.0
a4Ha
K+
−1490.821165 0.226469 0.243394 267.5 −73.8 260.1
a2′ −1490.824936 0.224998 0.242411 275.7 −70.5 268.0
a3′ −1490.807109 0.224949 0.242411 264.4 −78.2 255.9
a5′ −1490.805680 0.223989 0.24233 264.5 −84.1 257.3
a 11Hacidity = 1Hacidity of metal-ligand complex −1Hacidity of free molecule .
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deprotonated sites of [L–M]+ complexes, calculated at B3LYP/6-311++G (d, p)
with bond lengths in angstroms. M+ and L stand for cations of interest (i.e.,
Li+,Na+ , and K+) and cytidine nucleoside, respectively.
examined herein are considerably enhanced (they become less
endothermic, on average, by almost 80 kcal/mol)when the acid
is complexed with the metal ions, Li+,Na+, and K+.
It is worth mentioning that both the cytosine nucleosides
and their conjugate base can combine with the ionic metal to
make the corresponding complexes. However, as qualitatively
expected, the reason why the acidity of a metal-complexed
system is so drastically enhanced is due to the higher metal
affinity of the conjugate base compared with that of the
free nucleoside. This is due to higher electrostatic attractionsFigure 5: The optimized structures of the most stable conformers of various
deprotonated sites of [L–M]+ complexes, calculated at B3LYP/6-311++G (d, p)
with bond lengths in angstroms. M+ and L stand for cations of interest (i.e.,
Li+,Na+ and K+) and deoxycytidine nucleoside, respectively.
present in complexes of cytosine nucleoisdes anions between
metal, and the negative charge on nitrogen or oxygen atoms of
deprotonated sites. To highlight the deprotonation process, and,
thus to better understand the acidities enhancement described
above, the electronic properties of the undeprotonated and
deprotonated structures have been analyzed, employing a
natural bond orbital.
As mentioned above, the N4Ha is the most acidic site of free
cytosine nucleosides. It is worth mentioning that, in the case
of cytidine complexes with cations of interest, the N4Ha does
not remain the most acidic site (for more details see Tables 2
and 5). The most acidic site for cytidine complexes with Li+
and Na+ is the O2′–H group with gas-phase acidity of 251.6
and 258.0 kcal/mol, respectively. In cytidine complexes with
potassium cation, the O3′–H group with a gas-phase acidity
of 264.4 kcal/mol is the most acidic site. For deoxycytidine
metal complexes, we also observe the change in the order
of acidity values compared with those of free deoxycytidine
(see Table 6).
Comparison of the gas-phase acidities of cytosine nucleo-
sides and their coordination complexes reveals that the acidity
of Li+-ligand complexes ismuch higher than that of Na+-ligand
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kcalmol−1), 1G (in kcal/mol), system notation, 11Hacidity (in kcal mol−1) and dipole moments (µ in Debye) at 298 K for various complexes of deoxycytidine
anions with cations of interest calculated at B3LYP/6-311++G (d, p) level of theory.
Deprotonated site Metal cation E ZPE TC 1Hacidity 11Haciditya 1Gacidity
a4Ha
Li+
−823.161095 0.222553 0.238336 269.5 −76 259.2
a3′ −823.154557 0.22213 0.23834423 273.6 −75 262.1
a5′ −823.173845 0.221757 0.237304 260.8 −90.7 252.6
a4Ha
Na+
−977.924132 0.221479 0.237719 268.5 −77 259.8
a3′ −977.9134200 0.220559 0.236801 274.6 −74 266.9
a5′ −977.923476 0.219889 0.236202 267.9 −83.6 259.5
a4Ha
K+
−1415.56700 0.220859 0.237429 272.4 −73.1 262.9
a3′ −1415.557649 0.219818 0.236434 277.6 −71 269.3
a5′ −1415.559886 0.220166 0.237477 276.8 −74.7 265.1
a 11Hacidity = 1Hacidity of metal-ligand complex −1Hacidity of free molecule .Table 7: Stabilization energy (E2 , kcal/mol) for various complexes of
cytidine anions with cations of interest calculated at B3LYP/6-311++G
(d, p) level of theory.
Complex Interaction Interaction energy (E(2))
a4Ha–Li+
nN3 → n∗Li+ 21.9
nN4 → n∗Li+ 24.2
a2′–Li+ nO2 → n
∗
Li+ 29.7
nO2′ → n∗Li+ 25.2
a3′–Li+ nO3′ → n
∗
Li+ 39.6
nO2′ → n∗Li+ 21.3
a5′–Li+
nO2 → n∗Li+ 32.6
nO4 → n∗Li+ 20.7
nO5′ → n∗Li+ 50.1
a4Ha–Na+
nN3 → n∗Na+ 12.9
nN4 → n∗Na+ 11.1
a2′–Na+ nO2 → n
∗
Na+ 10.1
nO2′ → n∗Na+ 11.9
a3′–Na+ nO2′ → n
∗
Na+ 4.5
nO3′ → n∗Na+ 13.9
a5′–Na+
nO2 → n∗Na+ 12.9
nO5′ → n∗Na+ 8.7
nO4 → n∗Na+ 18.9
a′4Ha–K+
nN3 → n∗Li+ 4.1
nN4 → n∗Li+ 3.4
a2′–K+ nO2 → n
∗
K+ 6.0
nO2′ → n∗K+ 2.5
a3′–K+ nO2 → n
∗
K+ 6.5
nO3′ → n∗K+ 1.2
a5′–K+
nO2 → n∗K+ 4.8
nO5′ → n∗K+ 5.5
nO4 → n∗K+ 2.2
a′4Ha–K+
nN3 → n∗Li+ 4.1
nN4 → n∗Li+ 3.4
complexes and K+-ligand complexes, indicating that lithium
cation has a greater effect on the acidity of cytosine nucleo-
sides than sodium and potassium cations. Moreover, the co-
ordination of the metal cation can increase (in the case of a
cytidine molecule) or decrease (in the case of a deoxycytidine
molecule) the gas-phase acidity gap between themost and least
acidic group,with respect to the gas-phase acidity in the neutral
cytosine nucleosides (for better comparison see Table 2 withTables 5 and 6). The gas phase acidity gap depends on the coor-
dination sites. Such dependencies of acidities on the metal co-
ordination region suggest that the acidities of the active groups
could be controlled by modulating the metal coordination site
or the metal cation.
Natural Bond Order charge analysis (NBO) was used to
discuss the qualitative behavior of the charge-transfer process
during the cytosine nucleosides complexation with metal
cations. The amount of charge transfer between a nucleoside
and cation is easily determined as the difference between
the charge of the isolated ion and the net atomic charge on
the metal. For the most stable complex of cytidine with Li+,
this cation appears to be tri-coordinated. In this structure,
that cation interacts with the carbonyl oxygen and O5′ and
O4′ atoms of the sugar ring. Natural charge analysis shows
major charge transfer from cytidine (net charge values; 0.291,
−0.193,−0.057 and−0.263 e for Li+, carbonyl oxygen, O4′ and
O5′, respectively) to Li+ in comparison with the deprotonated
complexes of cytidine with Li+, which can be attributed to
interaction from the ligand lone pairs toward the Li+ cation.
In the case of deprotonated complexes of cytidine with Li+,
for example a5′–Li+ structure (Figure 4), electrostatic attraction
between Li+ and oxygen atoms is present as evidenced by
net charge values 0.232, −0.222, −0.083, −0.426 e for Li+,
carbonyl oxygen, O4′ and O5′, respectively. Metal binding leads
to an increase in the electron population at oxygen atoms
of the ligand and, thus, its net atomic charge becomes more
negative. Furthermore, the net atomic charges of the metal
cation in deprotonated complex are smaller than those in
the undeprotonated complex. In general, the charge transfer
for complexes of cytidine anions is mostly larger than that
for undeprotonated cytidine complexes. Therefore, the more
the charge being transferred, the stronger the electrostatic
attractions present, and the higher metal affinity of the
conjugate base compared with that of the free nucleoside.
Furthermore, nLigand → n∗Metal orbital stabilization energy
results obtained from NBO were used to elucidate the for-
mation mechanism of Metal-Ligand binding interaction. These
results are presented in Tables 7 and 8. For example, in
the case of a5′–Li+ complex of cytidine molecule nO2 → n∗Li+
(32.6 kcal/mol), nO4 → n∗Li+ (20.7 kcal/mol) and nO5′ → n∗Li+
(50.1 kcal/mol) interactions stabilized this radical center,
whereas in the case of a′5′–Li+ complex, values of E(2) for or-
bital interactions are as follows: nO2 → n∗Li+ (32.5 kcal/mol),
nO4 → n∗Li+ (50.9 kcal/mol) and n′O5 → n∗Li+ (16.5 kcal/mol).
Orbital stabilization interactions confirm the acidity order
of cytosine nucleosides in the presence of metal cations.
For example, in complexes of the a4Ha cytidine anion with
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deoxycytidine anions with cations of interest calculated at B3LYP/6-
311++G (d, p) level of theory.
Complex Interaction Interaction energy (E(2))
a′4Ha–Li+
nN3 → n∗Li+ 25.2
nN4 → n∗Li+ 24.7
a′3′–Li+ nO3′ → n
∗
Li+ 44.2
nO5′ → n∗Li+ 20.3
a′5′–Li+
nO2 → n∗Li+ 32.8
nO4 → n∗Li+ 50.9
nO5′ → n∗Li+ 16.5
a′4Ha–Na+
nN3 → n∗Na+ 13.4
nN4 → n∗Na+ 11.2
a′3′–Na+ nO2 → n
∗
Na+ 12.5
nO3′ → n∗Na+ 18.9
a′5′–Na+
nO2 → n∗Na+ 13.2
nO4 → n∗Na+ 9.2
nO5′ → n∗Na+ 19.3
a′4Ha–K+
nN3 → n∗K+ 7.3
nN4 → n∗K+ 5.4
a′3′–K+ nO2 → n
∗
K+ 5.8
nO3′ → n∗K+ 11.9
a′5′–K+
nO2 → n∗K+ 5.4
nO5′ → n∗K+ 12.3
nO4 → n∗K+ 2.3
cations of interest, stabilization energies are as follows: 1.
a4Ha–Li+, nN3 → n∗Li+(21.9), nN4 → n∗Li+(24.2), 2. a4Ha–Na+,
nN3 → n∗Na+(12.9), nN4 → n∗Na+(11.1), 3. a4Ha–K+nN3 →
n∗K+(4.1), nN4 → vn∗K+(3.4). This was to be expected consid-
ering that among the three cations, K+ is the one with a larger
ionic radius consequently the least orbital stabilization energy.
4. Conclusion
In the present research, gas-phase deprotonation of cytosine
nucleosides, as well as gas-phase acidity, electronic properties,
and the geometrical characters (such as sugar puckering
and conformational behavior) of their deprotonated and/or
nondeprotonated complexes, with Li+,Na+ and K+, have been
investigated theoretically, employing the B3LYP functional
using 6-311++G (d, p) basis sets. The calculation revealed that
these structural parameters are very flexible, particularly their
sugar part, and conformation of the furanose ring. With respect
to the sugar ring, it has been found that metal binding produces
significant changes in the phase angle of pseudo-rotation P
conformation.
The results reveal that the acidities of OH and NH groups
in these metal complexes are significantly enhanced relative
to the neutral cytosine nucleosides. In summary, it is shown
that the combined action of metal coordination and favorable
stabilization of the deprotonated nucleosides can lead to a
substantial drop in1Hacidity of NH2 and OH protons of cytosine
nucleosides. Our findings suggest that metal ions play an
indirect role in general acid–base catalysis involving nucleic
acids simply by acidifying nucleobases upon coordination. The
involvement of NH2 and OH groups of nucleosides is attractive
in this respect, because it could accomplish the transfer of
protons in different directions very similar to the function ofthe amino acids’ side chain in proteins.Whether physiologically
relevantmetal ions can utilize such an indirectway of acid–base
catalysis will be an interesting topic for further investigation.
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